Objectives The pathophysiology of radiculopathy associated with lumbar spinal stenosis and lumbar disc herniation is incompletely understood. The goal of the present study was to establish a chronic spinal nerve root compression model that can mimic lumbar disc herniation or spinal stenosis using silicone tube compression. We also try to link the pathology changes of damaged nerve root with the reaction of microglia in spinal cord in same rat at different time points. Methods Thirty rats were used in this study. The L5 nerve roots (dorsal and ventral) were exposed by hemilaminectomy; the diameter of the L5 nerve root was measured at the 2 mm proximal from the dorsal root ganglia. The dorsal and ventral nerve roots of L5 were compressed using a silicone tube, and the sham group was only exposed dorsal and ventral roots of L5. Five rats from the sham group were perfused at 8 days after surgery, and 25 rats from the model groups were perfused at 3, 8, 12, 45 days, and 5 months after surgery, each model group was composed of 5 rats according to the time point. The L5 spinal cord segments and nerve root that compressed by silicone tube were harvested from the same rat. Microglia and neuron in the spinal cord were stained by immunohistochemistry, and the nerve root was shown by electron microscope. Results In sham-operated rat, the arrangement of axon and myelin sheath is normal, the ventral root is mainly composed of large axon ([6 lm) and it is composed of 46.3 % of all the axons of the ventral root; the average myelin thickness of large axon is 1.86 lm; the dorsal root is mainly composed of medium (2-3.9 or 4-5.9 lm) axons and they are composed of 79.1 % of all the axons of the dorsal root; the average myelin thickness of this category is 0.94 or 1.55 lm. The average myelin thickness of large axon in ventral root reduced to 0.97 and 1.19 lm from more than 1.86 lm after compression for 3 and 8 days separately. Most of myelin sheath disappeared after 12 days of compression; the myelin sheath was partly restored at 45 days after compression which the myelin sheath thickness of large axons in ventral root was 0.47 lm. The medium category in dorsal root reduced to 0.59 or 0.72 lm from 0.94 lm, and 1.55 lm after compression for 3 days (p \ 0.05 to p \ 0.0001). The medium category axon in dorsal root is also 0.47 lm after compression for 45 days (p B 0.0001). The myelin sheath was almost totally restored at the 5 months of compression; the myelin sheath thickness returned to normal and the axons were intact in structure under EM. The number of Iba1-positive microglia increased by 18.69, 40.44, and 18.49 % after compression for 3, 8, and 12 days separately in the ipsilateral dorsal horn and 21.26, 32.15, 22.87 % in ventral horns, and the activation of microglia was also prominent in contralateral sides of the dorsal and ventral horn at
Introduction
Clinically, mechanical compression of the lumbar spinal nerve roots, either by disc prolapse or spinal stenosis, is a common mechanism of painful lumbar radiculopathy [7, 27, 35] . Though the symptoms and physical sign are clear in clinic, but the pathophysiology of the back pain and radiculopathy associated with lumbar stenosis and lumbar disc herniations is incompletely understood.
The etiology of radiculopathy in lumbar disc herniation and lumbar stenosis is related to compression, chemical insult, vascular and nutritive insufficiency. Although the specific contribution of each factor remains controversial, compression and chemical agents should be the main factors. Many models have been established according to these two factors. The first type of radiculopathy model is chemical insult model. A number of studies have applied autologous nucleus pulposus (NP) to the rat dorsal root ganglia (DRG) as a model of non-compressive disc herniation, inducing inflammatory histopathology and neuronoglial apoptosis, decreases in nerve conduction velocities, and onset of mechanical allodynia and thermal hyperalgesia [8, 11, 21, 24, 25, 27] . Another type of radiculopathy model is compression model that can be established using silicon inserts, stainless steel rod or suture ligation [9, 33, 38] . Nerve root compression produces endoneurial edema, membrane leakage, and Wallerian degeneration [13-16, 26, 31] .
The severity of nerve root compression modulates behavioral hypersensitivity; yet, while this relationship has been demonstrated in models of painful radiculopathy, applied mechanics have not been well-controlled [17, 38] . Suture ligation of rat lumbar nerve roots was used to establish a relationship between applied tissue strain and mechanical allodynia (pain due to a stimulus that does not normally provoke pain). However, assessments of deformation in that work were made only at the start of the study when the ligation was imposed, and it was assumed that the deformation induced by the ligation remained constant throughout the study [37] [38] [39] . Furthermore, those studies focused on spinal cytokine and glial expression and did not identify or characterize local pathological changes at the compression site.
The goal of the present study was to establish a new chronic spinal nerve root compression model (CNRC) that can mimic lumbar disc herniation or spinal stenosis using silicone tube. We characterized the response in the nerve root and spinal cord at different time points following silicone tube compression of the nerve root in the rat. The expression of ionized calcium binding adaptor molecule-1 (Iba1) was used to identify activated microglia in the spinal cord. The neuron in the spinal cord is marked by NeuN. Electron microscope was used to study morphology and pathology change of nerve root at the compression side by silicone tube.
Experimental procedures

Animals
Sprague-Dawley rats (aged 3 months, SLAC Laboratory Animal Co. Ltd., Shanghai, China) were used for the experiments. All rats were group-housed and maintained on a 12:12 h light/dark cycle. Housing was kept at a constant room temperature and humidity level and the wellbeing of the animals was monitored daily. All animal experiments were approved by the Animal Ethics Committee of Shanghai University of Traditional Medicine and all efforts were made to minimize pain and discomfort in laboratory animals and their suffering.
Surgical protocol
Rats were anesthetized with ketamine by intraperitoneal injection. Using an operating microscope (LFS 200, Carl Zeiss Inc.), a left hemilaminectomy was performed at L5. Partial facetectomy of the left L4/5 facet joints was also performed. The root and DRG on the left side at L5 were carefully exposed and observed under operating microscope. At the time of surgery, the diameter of the L5 nerve root 2 mm proximal to the DRG was measured using a special vernier caliper. In sham group the left L5 dorsal and ventral roots were exposed only for control, in compression groups the L5 dorsal and ventral nerve roots were compressed using a silicone tube (Fig. 1b) , which is 2 mm long and its internal diameter is 1.0 mm and outer diameter is 1.2 mm. The silicone tube was incised longitudinally and wrapped around the nerve root 2 mm proximal to the DRG. Following surgery, the wound was closed with 3-0 polyester suture and surgical staples and animals were recovered in room air.
Morphological analyses
Thirty rats were used in this study. Five rats from the sham group were perfused at 8 days after surgery, and 25 rats from the model groups were perfused at 3, 8, 12, 45 days, and 5 months after surgery, each model group was composed of 5 rats according to the time point. After perfusion and laminectomy, the nerve roots were harvested from the area of compression for electron microscopy studies. The segments were then coded according to the time of surgery and immediately immersed in 4 % formaldehyde, 2.5 % glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M phosphate buffer, pH 7.4, for 12 h at 4°C, keeping the specimen extended and oriented. After fixation, tissue samples were washed in phosphate buffer and postfixed for 90 min at room temperature in 1 % osmium tetroxide (OsO4; E.M.S., Hatfield, PA, USA) and then dehydrated, starting in an ethanol series and ending with propylene. Tissue samples were then embedded in a mixture of resins.
Ultra-thin sections of nerve roots at the compression side were cut using an Ultratome-III ultramicrotome (LKB, Bromma, Sweden). The sections were then photomicrographed using a JEM-1010 transmission electron microscope (JEOL, Tokyo, Japan) equipped with a MegaView-III digital camera and a Soft-Imaging-System (SIS, Munster, Germany) for the computerized acquisition of the images.
Semi-thin transverse sections (2-lm-thick) were cut immediately after the series of ultra-thin sections also at the compression side and stained with toluidine blue on glass slides. Sections were photographed at 1,000 with a Leica microscope (DM2500) equipped with a Leica digital camera (DFC420C). One section from each series was randomly selected and used for the morphometric-quantitative analysis using the Leica Qwin (V3) software. For the quantitative analysis, a sampling square field in dorsal root or in ventral root, each covering an area of 0.0074 mm 2 , was randomly positioned onto the selected digital image. In each sampling field, the myelin thickness and the axons diameter were measured manually according to unbiased stereological method. Images were taken at fixed predetermined step lengths of 100 lm in the x-axes and 74 lm in the y-axes, throughout the cross-sectional area. Myelin sheath thickness was quantified using direct orthogonal measurements [18] . Each photomicrograph was studied using a fixed, random, test-line technique with a fixed line separation. This method involves the point of intersections between the test lines and the outer edge of the myelin sheath of an axon to directly measure myelin sheath thickness. The shortest distance between the inner and outer boundary of the myelin sheath was measured. The average of two systemically chosen locations was used to quantify thickness of myelin. The axonal diameter was assessed using these same microscope images of nerve cross sections. A modification of direct orthogonal measurements was employed to randomly select axons for inclusion in diameter analysis. All axons intersected by at least one diagonal line were measured. The diameter of a single axon was measured both along the x-and y-axes as defined by the diagonal line. These two measurements were averaged to produce a mean diameter for each single axon. Axons were divided into three group size categories: small (0.5-1.9 lm), medium (2-3.9 or 4-5.9 lm), and large ([6 lm); the axon number of each category was calculated. 
Immunohistochemistry
The L5 spinal cord segments that were used for immunohistochemistry study were harvested from the same rat that was used for nerve root study according to the time point. Double immunofluorescence staining on the spinal cord sections was performed as previously reported [1, 12] . Briefly, sections were incubated in 0. 
Statistical analysis
Statistical analysis was assessed by two-way ANOVA followed by Student-Newman-Keuls analyses. Data were presented as mean ± SD. Difference in which p \ 0.05 was considered statistically significant.
Results
Anatomy
Normal nerve root is white and clear, the blood vessel distributed equality, the ventral root and the dorsal root are surrounded by a thin root sheath after they leave the cauda equina, but when the thin root sheath was peeled off, the ventral root and the dorsal root can be divided; within the foramen, sensory cell bodies form dorsal root ganglion, and the dorsal root ganglia (DRG) is plump (Fig. 1a) . The diameter of the nerve root 2 mm proximal to the DRG is 1.4 ± 0.1 mm and this is the position that is compressed by the silicone tube. The nerve root compressed by silicone tube and the DRG become edema and hyperemia, and the edema and hyperemia diffused cephalad along the nerve root 8 days after surgery (Fig. 1b) . 12 days after surgery, the edema and hyperemia disappeared (Fig. 1c) . Five months after surgery, the DRG become atrophied slightly (Fig. 1d) , and after remove the silicone tube the impress vestige can be seen (Fig. 1d ).
Demyelination and remyelination of axons
The arrangement of axon and myelin sheath is neat, and the structure of axon and myelin sheath is intact and symmetrical in sham-operated rat ( Fig. 2A, a) ; 3 days after surgery of compression, the myelin sheath begins to disintegrate (Fig. 2B, b) ; 8 days after surgery of compression, the myelin disintegrates severely (Fig. 2C, c) ; 12 days after surgery of compression, most of myelin sheath disappeared, the axons become unmyelinated, as the nerve fiber is filled with a mass of inflammatory tissue, the arrangement of unmyelinated axon is irregular, but the structure of the axon is still intact (Fig. 2D, d ). Fortyfive days after surgery of compression, the myelin sheath begins to repair; the arrangement of axon becomes regular again (Fig. 2E , e); five months after surgery of compression, the myelin sheath was almost repaired, and the arrangement of axon becomes regular again (Fig. 2F, f) .
In the sham-operated rat, the ventral root is mainly composed of large axon ([6 lm) (Fig. 3A) and it is composed of 46.29 % of all the axons of the ventral root ( Fig. 5; Table 2 ); the myelin sheath is also thick and the average myelin thickness of large axon is 1.86 ± 0.08 lm (Table 1) ; the dorsal root is mainly composed of medium (2-3.9 or 4-5.9 lm) axons (Fig. 3a) and they are composed of 79.06 % of all the axons of the dorsal root ( Fig. 5; Table 2 ); the average myelin thickness of this category is 0.94 ± 0.16 or 1.55 ± 0.17 lm (Table 1) . After 3 days of compression, the average myelin thickness of large axon in ventral root reduced to 0.97 ± 0.08 lm (Figs. 3, 4 ; Table 1 , p \0.0001) and the medium category in dorsal root reduced to 0.59 ± 011 (p \ 0.05) or 0.72 ± 0.1 lm (Figs. 3, 4 ; Table 1 , p \ 0.0001). The average myelin thickness of large axon in ventral root reduced to 1.19 ± 0.20 lm (Figs. 3, 4 ; Table 1 , p \ 0.0001) and the medium axon of 4-5.9 category in dorsal root reduced to 0.90 ± 0.19 lm (Fig. 4; Table 1 , p \ 0.0001). 45 days after surgery of compression, the average myelin sheath thickness of large axon in ventral root was only 0.47 ± 0.06 lm (Figs. 3, 4 ; Table 1 , p \ 0.0001) and the medium category axon in dorsal root was only 0.47 ± 0.04 or 0.47 ± 0.06 lm (Figs. 3, 4 ; Table 1 , p \ 0.001). Five months after surgery of compression, the myelin sheath thickness returned to normal (Figs. 3, 4 ; Table 1 ).
The size of axon was evenly distributed in sham-operated rat (Fig. 3A, a) . The number of small axon increased Table 2 ). The small (0.5-1.9 lm) axon had no change throughout all the study ( Fig. 5 ; Table 2 ). (Fig. 8) , and the activation of microglia was also prominent in contralateral sides of the dorsal and ventral horns at 8-day time point (Figs. 6c, 7c ). Microglial activation occurred only prominent in ipsilateral dorsal and ventral horns after compression for 12 days (Figs. 6D, 7D,  8 ). There was no microglial activation in the spinal cord after compression for 45 days (Figs. 6E, e, 7E, e, 8).
Discussion
The pathophysiology of radiculopathy associated with lumbar spinal stenosis and lumbar disc herniation is incompletely understood. It is likely that the etiology of radiculopathy in lumbar disc herniation and lumbar stenosis is related to compression, chemical insult, vascular and nutritive insufficiency. Although the specific contribution of each factor remains controversial, compression and chemical should be the main factors. The goal of the present study was to establish a chronic spinal CNRC that can mimic lumbar disc herniation or spinal stenosis. First, we checked the left L5 nerve root from the entry zone to the exit zone of the lateral nerve root canal. Second, we Table 1 The thickness of myelin in the never roots at different time points after compression Dorsal root (lm)
Ventral root (lm) 0.5-1. measured the diameter of the L5 nerve root 2 mm proximal to the DRG. The diameter of this part of nerve root is 1.4 ± 0.1 mm. Third, we used 2-mm long silicone tube (internal diameter 1.0 mm) that was incised longitudinally and wrapped around the nerve root 2 mm proximal to the DRG. Because the internal diameter of silicone tube is less than the diameter of the nerve root, so the nerve root was compressed when it was wrapped by the silicone tube. The nerve root is composed of ventral and dorsal root, the large axon ([6 lm) is composed of 46.29 % of all the axons of the ventral root and medium (2-3.9 or 4-5.9 lm) axons are composed of 79.06 % of all the axons of the dorsal root. Previous studies have showed that axonal integrity is maintained in chronic nerve compression (CNC) injury [4, 5] . This phenomenon is different from transection, which the axonal cytoskeleton disintegrates and the axonal membrane breaks apart [2] . Axonal degeneration is followed by rapid recruitment of hematogenously derived macrophages, leading to degradation of the myelin sheath [3] . This cascade of events following axonal injury has been termed Wallerian degeneration. Secondary to Wallerian degeneration, Schwann cells undergo a programmed dedifferentiation, including the downregulation of myelin proteins and cellular proliferation that ultimately leads to demyelination [34] . These reprogrammed Schwann cells form ''bands of Büngner,'' which provide a cellular substrate for nerve regeneration and subsequent remyelination [30] . Clinically, a significant number of patient with moderate symptoms remain unchanged and some improve [28, 29] . Our study also showed that axonal integrity is maintained in chronic nerve root compression (CNRC) injury, but the myelin sheath changed obviously. After compression for 3 days, the myelin sheath disintegrates severely both in ventral and dorsal roots after compression for 8 days, and myelin sheath disappeared after compression for 12 days. The most important, myelin sheath totally recovered after compression for 45 days. Although axonal integrity is Fig. 4 The myelin thickness at different time points, each category axon's myelin thickness is compared to sham-operated rat. The result was mean ± SD of five animals (*p \ 0.05; **p \ 0.01; ***p \ 0.001; ****p \ 0.0001) Fig. 5 The size distribution of axon at different time points, the percentage of each category axon is compared to sham-operated rat. The result was mean ± SD of five animals (*p \ 0.05; **p \ 0.01; ***p \ 0.001; ****p \ 0.0001) Eur Spine J (2014) 23:435-446 441 maintained at different time points, the size distribution changed at 3, 8, 12 days after compression and this change revealed decreases in large-diameter axons and increases in the number of small-diameter axons. This change occurred obviously in large axon than in small axons and obviously in ventral root than in dorsal root. One possible explanation for this decrease in axonal diameter maybe that the increase in connective tissue may actually compress the individual axons [5, 20] , but our data showed that the axon diameter decrease occurs as early as 3 days after compression, so we speculated that this maybe due to the edema and hyperemia in the nerve root. The appearance of myelin sheaths that are unusually thin relative to the axonal diameter is considered a mark of remyelination by Schwann cells [10, 19] , but in CNC injury there was a continuum of myelinated axons of varying thickness rather than a distinct population [4] . Our result shows that after compression for 12 days, most of myelin sheath disappeared, the axons become unmyelinated, the myelin sheath restored partly after compression for 45 days, but the average myelin sheath thickness of large axon in ventral root was only 0.47 ± 0.06 lm (p \ 0.0001) and the medium category axon in dorsal root was only 0.47 ± 0.04 or 0.47 ± 0.14 lm (p \ 0.001). Five months after compression, the myelin sheath almost restored, the myelin sheath thickness was normal compared to the sham group (p [ 0.05). There is a distinct population between unmyelinated axons and myelinated axons. These results showed that compression of the nerve root by silicone tube provides a chronic compression model that produces a local demyelination and remyelination pathological changes, which are reversible.
The damage to the nerve root also results in the reaction of microglia in spinal cord. Proliferation of microglia in spinal cord is a common phenomenon after nerve root or peripheral nerve damage. When microglia sense trauma, ischemia, tumors and peripheral inflammation, they are spontaneously activated [23, 36] . This condition is a graded phenomenon, characterized by specific morphological changes (hypertrophy), proliferation and changes in functional activities (migration to areas of damage, phagocytosis and production/release of pro-inflammatory substances). Activated microglia remove dead cells or dangerous debris either by releasing toxic factors (like tumor necrosis factor TNFa and interleukin IL-1b) or by phagocytosis; whereas these cells repair injured cells by releasing neurotrophic factors, such as brain-derived neurotrophic factor (BDNF) and IL-6 [6, 22, 32] . Activated spinal cord glial cells lead to hyperalgesia and allodynia by releasing soluble factors that act on neurons in the pain pathways. However, the soluble factors that are released from activated glial cells are unclear. We examined the microglia changes in spinal cord after compression surgery in same rat at the same time point that were also examined the nerve root pathology changes that was compressed by silicone tube. The results showed microglial activation and proliferation in the spinal cord after compression for 3 days, and the myelin sheath disintegrates at this time point; the proliferation of microglia encouraged both in dorsal and ventral horns after compression for 8 days, and the damage to myelin sheath occurred in the nerve root at the same time. The pathology to the axons in nerve root reached the peak after compression for 12 days, the microglial proliferation reached the biggest at the same time.
When the myelin sheath restored in the never root after compression for 45 days, the activated microglia disappeared in the spinal cord. These results demonstrated that compression to the nerve root by silicone tube modeled the pathological change in the spinal cord following the local demyelination and remyelination pathological changes in never root, which it mimics the pathological changes of lumbar spinal stenosis or lumbar disc herniation. 
